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different ones of the terminals and allow current to f

OW
between them.

9 Claims, 2 Drawing Sheets

[I

S E—

[I]

I
[I]
=ill=

[

[l

L o erw——

[I

10

N

]

ﬂ"’]' “

[I]

T T —

:;‘l

_]
III]

iliope

——— —————

[I]

ll




U.S. Patent May 16, 2000 Sheet 1 of 2 6,064,126

U |
J

4
23

11 40 E_,_[i]____:_-%%_m? L%%ﬂ!’
2 ‘ ey \‘ Z
/ﬁ el sl SllE al| I
S (S ia e S impysiSim gy uiSimgys
T L e o
e e )
N\ el e e s

' li=:li=s;

o1 VA A A Ay A A AR A A AN A
20 e — 34

LI IIITNNNNITNN\ Voo

V/ /25 22 23 2 10
31 28 A

FIG. 2




U.S. Patent May 16, 2000 Sheet 2 of 2 6,064,126

31 44 40 40 30




6,064,126

1
SWITCHES AND SWITCHING SYSTEMS

FIELD OF THE INVENTION
BACKGROUND OF THE INVENTION

This 1invention relates to switches of the kind including,
two terminals, a plurality of conductive tracks extending
from each terminal, the conductive tracks connected with
one terminal being electrically msulated from the tracks
connected with the other terminal, the switch mncluding a
plurality of electrically-conductive bridging elements
spaced from the tracks and displaceable between a first
position where the bridging elements are spaced from the

tracks and a second position where each bridging elements
1s 1n contact with a track connected with one terminal and a
track connected with the other terminal such that current can
flow 1n parallel between the two terminals via the conductive
tracks and the bridging elements, and an actuator arranged
to displace the bridging eclements between the first and
second position.

The switching of high currents 1s usually carried out by
means of an electromagnetic relay or contactor employing a
solenoid to displace an armature so that 1t bridges or 1solates
two contacts, thereby allowing or preventing current flow
between the terminals. These relays can operate reliably but
require relatively high currents to operate the solenoid. They
are also bulky and heavy, and respond relatively slowly
because of the mass of the armature. Lower currents can be
switched using semiconductor devices such as FETs and
thyristors but these have the disadvantage of mtroducing a
voltage drop across the device and of not being suitable for
higher current operation. U.S. Pat. No. 5,430,597 describes
a current mterrupting device of the above-specified kind
having parallel branches extending from input and output
lines, which are bridged by a number of micromechanical
switches.

SUMMARY OF THE INVENTION

It 1s an object of the present mvention to provide an
improved form of switch.

According to one aspect of the present invention there 1s
provided a switch of the above-speciiied kind. At least some
of the bridging elements are formed in a common plate of
material that 1s fixed and 1s formed to provide flexible
clements by which the bridging elements are supported in
the plate, such that each bridging element 1s independently
flexible relative to the plate and failure of one bridging
clement 1n the second position does not prevent other
bridging elements moving to the first position.

The upper surface of each track and the lower surface of
cach bridging element 1s preferably flat, the bridging ele-
ments 1n the lower position contacting the tracks across their
entire width. The plate may be of silicon, the bridging
clements having an electrically-conductive layer arranged to
contact the tracks when the bridging elements are displaced
to their second position. The bridging elements may be of
rectangular shape, the flexible elements being a pair of
flexure elements extending outwardly of each bridging ele-
ment on opposite sides midway along its length. The actua-
tor 1s preferable an electrostatic actuator. The conductive
tracks and bridging elements are preferably located in an
evacuated housing. The conductive tracks may extend on a
silicon substrate. The conductive tracks may extend on a
layer of diamond, the layer of diamond extending on a
substrate of a different material.

According to another aspect of the present invention there
1s provided a switching system including a first switch
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2

according to the above aspect of the invention and a second
semiconductor switch connected 1n series with the first
switch.

BRIEF DESCRIPITION OF THE DRAWINGS

A switch and a system i1ncluding a switch according to the
present 1nvention, will now be described, by way of
example, with reference to the accompanying drawings, 1n
which:

FIG. 1 1s a plan view showing a lower watfer of the switch
and the location of the bridging elements of the switch;

FIG. 2 1s a cross-sectional transverse view of a part of the
switch to an enlarged scale;

FIG. 3 1s a plan view of a central wafer of the switch; and

FIG. 4 1s a schematic diagram of a system including the
switch.

DETAILED DESCRIPTION OF THE
INVENTION

With reference first to FIG. 1, the switch has a sealed and
evacuated outer housing 1 of circular shape through which
project: two metal power terminals 2 and 3, an actuation
terminal 4 by which the switch 1s controlled, and a fourth
terminal 5 connected to various sensors within the switch by
which its operation can be monitored.

Within the housing 1 there 1s a circular silicon substrate
or water 10, on which 1s formed the switching assembly 11
and associated components such as arc suppression diodes
12, a thermal sensing and processing unit 13, a getter heater
f1lm and micro heater 14 to improve the vacuum within the
switch, signal buffer circuitry and switching logic 15, and
additional processing 16. The switching assembly 11 and
assoclated components 12 to 16 may all be formed by
conventional integrated circuit or microengineering tech-
niques 1n the silicon wafter 10 or 1n layers deposited on the
waler. Alternatively, they could be separate, discrete com-
ponents.

Referring now also to FIGS. 2 and 3, the switching
assembly 11 1s formed 1n a central region of the silicon wafer
10 and comprises a first electrically-msulative layer 20, such
as of diamond, formed on the upper surface of the water. On
top of the layer 20 there i1s deposited an electrically-
conductive layer 21 of a metal such as silver. The conductive
layer 21 1s divided into two regions 22 and 23, which are
normally electrically 1solated from one another. One region
22, shown on the left of FIG. 1, 1s connected with the
terminal 2 and has a lateral arm 24 and six straight, parallel
bus bars 25 1n the form of fingers extending longitudinally
to the right of the water. The bus bars 25 are spaced from one
another by five gaps 26. The other region 23 of the conduc-
tive layer 21 has the same shape as the left-hand region 22
with a lateral arm 27 connected with the other power
terminal 3 and with six bus bars 28 extending to the left and
interdigitated with the bus bars 25 of the left-hand region 22.
The two sets of bus bars 25 and 28 extend parallel with one
another and are spaced from one another by gaps so that they
are electrically 1solated from ore another. As shown 1n FIG.
2, the gap between the bus bars 25 and 28 1s preferably filled
to a level just below their upper surface with a second
diamond layer 20'; both the layers 20 and 20' are electrically
non-conductive but are thermally conductive.

A second, thin central silicon wafer 30 1s mounted on the
lower water 10 with 1ts central region spaced above the
lower wafer. The central wafer 30 1s not shown 1n full in
FIG. 1 or 2 but 1s shown most clearly in FIG. 3. The central
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waler 30 comprises a silicon plate 31 having electrically-
insulative layers 32 and 33 of a silicon oxide on its lower and
upper surfaces. On top of the msulative layers 32 and 33 are
deposited respective electrically-conductive layers 34 and
35 of a metal, such as silver. The central wafer 30 1is
machined through its thickness by micro-engineering
techniques, such as etching or erosion, to give the pattern
shown 1n FIG. 3 and form the water into forty-four bridging
clements 40 of which only ten are shown 1n FIG. 3. Each
bridging element 40 1s of rectangular shape and 1s formed by
two linear cuts 41 and 42 and two apertures 43 and 44. The
linear cuts 41 and 42 form three sides of a square and two
outwardly-projecting limb elements 45, to define the bound-
ary of the bridging element 40. The apertures 43 and 44 are
formed between the limb elements 45 of the two cuts 41 and
42, the size of the apertures and the spacing of the limb
clements forming a pair of narrow flexure elements 47 on
opposite sides extending parallel with one another at right
angles to the bridging element 40 midway along 1ts length.
It can be seen that the cuts 41 and 42, and the apertures 43
and 44 separate the bridging element 40 from the remainder
of the central water 30 except for the four flexure elements
4’7, which support the bridging elements 1n the water. These
flexure elements 47 enable the bridging element 40 to be
displaced vertically up or down relative to the plane of the
central wafer 30 when acted on by an external force. The
positioning of the bridging elements 40 1s shown 1n FIG. 1
and 1t can be seen from this that the elements are oriented
transversely to the bus bars 25 and 28 and extend between
a bus bar 25 of one region 22 and a bus bar 28 of the other
region 23, bridging the gap between them. The bridging
clements 40 are arranged 1n eleven groups of four elements,
cach group of elements being located above the same two
bus bars and being equally spaced along their length.

A third, upper silicon wafer 50 1s mounted above the
lower wafer 10 and the central water 30. The upper water 50
1s preferably 1n the form of a cap sealed about its outer edge
to the lower water 10 so as to enclose the various component
3. On the underside of the upper wafer 50, there 1s an
clectrically-insulative layer 51 and a eight metal actuating
fracks 52 extending transversely of the bus bars 25 and 28
and aligned with the bridging elements 40. The tracks 52 are
clectrically connected with a track 53 on the lower walfer,
which 1s 1in turn connected to the control terminal 4 via the
buffer circuit 15. The upper conductive layer 35 on the
central wafer 30 1s also connected to the buffer circuit 185.
The tracks 52 on the wafer 50 and the conductive layer 35
on the bridging elements 40 together form an electrostatic
actuator for displacing the bridging elements.

In the natural state of the switch, the bridging elements 40
are 1n a first position equally spaced between the bus bars 25
and 28 and the actuating tracks 52, so that they do not
contact either the lower wafer 10 or the upper wafer 50. In
this natural state of the switch, no current can flow between
the two power terminals 2 and 3, so the switch 1s off or open.

In order to close the switch, a signal 1s applied to the
actuation terminal 4. This causes the circuit 15 to apply a
voltage of the same polarity to both the actuating tracks 52
and to the actuating electrodes formed by the conductive
layer 35 on the upper surface of the bridging elements 40.
This produces a repulsive electrostatic force between the
tracks 52 and the bridging elements 40, thereby driving the
bridging elements down into their second position, 1n con-
tact with the bus bars 25 and 28 on the lower wafer 10. This,
therefore, causes the bridging elements 40 to bridge the bus
bars 25 and 28 connected to the different terminals 2 and 3,
allowing current to flow between the terminals. To open the
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switch, a different signal 1s applied to the actuation terminal
4, causing the circuit 15 to apply voltages of opposite
polarities to the actuating tracks 52 and the actuating elec-
trodes 35 so that the bridging clements 40 are pulled
upwardly above their natural position. The voltages are then
removed so that the bridging elements 40 can return to their
natural central position. The flexure mounting 47 of the
bridging elements 40 allows the elements to tilt so that they
can accommodate geometric irregularities of the bus bars.

The use of multiple bridging elements, each connected 1n
parallel with one another, means that each element need only
be capable of conducting a corresponding fraction of the
total current passed by the switch. Ideally, each bridging
clement would pass the same current, however, in practice,
manufacturing variations and other factors may lead to some
clements passing a greater current than others. Providing,
however, that the conductors 1n the switch have a positive
temperature coelflicient, this increased current leads to an
increase 1n temperature of the conductors 1n series with the
bridging element and hence an increase 1n the resistance and
a corresponding reduction in current. The low thermal mass
of the different elements of the switch means that this
self-regulating effect will be very rapid. The bridging ele-
ments 40 can have a very small size and low 1nertia giving
the switch a very high switching speed. The switch 1s a true
mechanical switch so i1t has a low contact resistance and a
high open resistance compared with a semiconductor switch.
Where very high currents need to be passed, several
switches can be stacked together so that they operate in
parallel. The switch can be made 1n volume at low cost and
can have a high resistance to vibration and shock. Also, the
switch can operate silently and 1t produces only low levels
of electromagnetic interference. The design 1s fault tolerant
since the failure of one bridging element to make contact
would not significantly affect operation. If one element
should fail to break contact, 1t would simply fuse and this
section of the switch would go open circuit. The fusing
current of one bridging element 1s selected to be less than the
fusing current of a bus bar. By operating the bridging
clements 1n a high vacuum free of organic matter, there 1s a
maximuim insulation, arc suppression and life. The vacuum
also eliminates windage elfects and squeeze film damping so
that switching times are minimized.

The layout of the bus bars 25 and 28 over the surface of
the wafer 10 distributes the current carrying and current
switching across the surface of the water so as to spread the
thermal load. The thermal sensor 13 1s used to monitor the
temperature within the switch and to cause the switch to
open 1f temperature should rise above a safe level.

The actuator need not be of an electrostatic kind,
alternatively, 1t could be piezoelectric thermal or the like.
The natural state of the switch could be closed, the actuator
being energized to open the switch

The mechanical switch of the present invention could be
connected 1n series with a conventional semiconductor
power switch, as shown i FIG. 4, to form a switching
system. In this arrangement a mechanical switch of the kind
described above 1s 1indicated by the numeral 100 and this 1s
connected 1n series with a power switching transistor. or the
like. 101. The transistor 101 would be opened first so that the
voltage 1s held off the mechanical switch 100 while this
breaks and maintains a gap. The advantage of this 1s that 1t
would reduce the risk of break-down in the vacuum within
the mechanical switch 100, between the bridging elements
40 and the bus bars 25 and 28 as the gap opens. Once open,
the mechanical switch 100 would prevent leakage current
through the semiconductor switch 101. This system would
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also have the advantage of redundancy. The mechanical
switch 100 would act as a fall back and a fuse if the transistor
101 should fail in a conducting state. The transistor 101
would act as a circuit breaker 1f the mechanical switch 100
should become stuck in a conducting state. The mechanical
switch 100 and the semiconducting switch 101 could be
formed on the same wafer.

What 1s claimed 1s:

1. An electrical switch for enabling or preventing current
flow between two points wherein the switch includes two
terminals, a plurality of conductive tracks extending from
cach terminal, the conductive tracks connected with one
terminal being electrically insulated from the tracks con-
nected with the other terminal, the switch including a
plurality of electrically-conductive bridging elements
spaced from the tracks and displaceable between a first
position where the bridging elements are spaced from the
tracks and a second position where each bridging element 1s
connected with one terminal and a track connected with the
other terminal such that current can flow 1n parallel between
the two terminals via the conductive tracks and the bridging
clements, and an actuator arranged to displace all the bridg-
ing elements together between the first and second position,
such that all the bridging elements are either 1n the first or
second position at any one time, wherein at least some of the
bridging elements are formed 1n a common plate of material
that 1s fixed and 1s formed to provide flexible elements by
which the bridging elements are supported in the plate, such
that each bridging element 1s independently flexible relative
to the plate and failure of one bridging element 1n the second
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position does not prevent other bridging elements moving to
the first position.

2. A switch according to claim 1, wherein the upper
surface of each track and the lower surface of each bridging
clement 1s flat, and that, 1n the second position, the bridging
clements contacts the tracks across the enfire width of the
tracks.

3. A switch according to claim 1, wherein the plate 1s of
silicon and the bridging elements have an electrically-
conductive layer arranged to contact the tracks when the
bridging elements are displaced to their second position.

4. A switch according to claim 1, wherein the bridging,
clements are of rectangular shape, and that the flexible
clements are a pair of flexure elements extending outwardly
of each bridging element on opposite sides midway along
the length of the bridging element.

5. A switch according to claim 1, wherein the actuator 1s
an electrostatic actuator.

6. A switch according to claim 1, wherein the conductive
tracks and the bridging elements are located 1n an evacuated
housing.

7. A switch according to claim 1, wherein the conductive
tracks extend on a silicon substrate.

8. A switch according to claim 1, wherein the conductive
tracks extend on a layer of diamond, and that the layer of
diamond extends on a substrate of a different material.

9. A switch according to claim 1 including a second
semiconductor switch connected 1n series with the switch.
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